A review of the quality assurance practices of Alberta Transportation and Utilities was undertaken for each of three quality test measures: asphalt content; percent compaction; and, aggregate gradation. The primary objective of the study was to determine how reducing the number of tests per lot affect the lot mean values and the degree of confidence in the quality results. The secondary objective was to determine the effect a change in the sample size would have on the quality-related price adjustments to the contractor.
to the sampling procedure might have on the contractors.
The objectives have both a theoretical and a practical side. Statistically, the analysis can determine whether there is a difference in the means of different sample sizes. The increase in risk of determining the incorrect mean lot value, measured by confidence in the standard deviation of the mean, can also be calculated. The practical issues relate to the effect on the payment adjustments in the field of changing the number of samples. The monetary effect can be calculated, however, the effect on other aspects of the project, such as contractor and owner confidence, cannot be calculated.
NUMBER OF SAMPLES PER LOT
The current quality assurance (QA) program involves sampling and testing five cores per lot for each of the previously mentioned QA measures. AT&U has used five samples as a standard number since the inception of their End Product Specifications (EPS) in the mid 1980s [Palsat and McMillan 1994] . In EPS, penalty/bonus payment adjustments are provided to the contractor based upon the quality of the product received as determined using specified sampling and testing protocols. To illustrate, if the average test value of the five samples (e.g. asphalt content) is outside the specified tolerance limits, the contractor is penalized. Conversely if the average test value indicates a high quality product is produced, (e.g. high pavement compaction), the contractor receives a bonus.
The standard number "five" was originally chosen because five was generally felt to provide accurate mean estimates at a reasonable cost to the highway agency [Rilett 1998 ]. In more recent years AT&U has been examining ways to reduce their operating costs, including means of reducing QA sampling and testing costs, without compromising the quality of the final product. One proposed alternative was to reduce the standard number of QA core samples from five to four. However, concerns were raised on part of the contracting industry that such a change would increase their risk in receiving greater penalties based upon greater variance in the mean test values.
METHOD OF ANALYSIS
The initial step in the analysis was to determine the minimum number of samples required per lot to meet the variance in the mean allowed in the specifications before the contractor is penalized. Because the calculation is directly proportional to the standard deviation of the sample, confidence in the standard deviation was evaluated. Therefore, for various sample sizes, the confidence interval in the standard deviation was determined. The minimum number of samples required, then, is dependent on the amount of variance in the sample that is acceptable to the owner.
The second part of the evaluation required statistical comparisons of the lot means of three, four, and five samples per lot using analysis of variance (ANOVA) and independent T-tests [Green and Salkind 1997] . ANOVA is a method of testing the null hypothesis that several group means are equal in the population, by comparing the sample variance estimated from the group means to that estimated within the groups. The T-test procedure compares the means of two variables for a single group by computing the differences between values of the two variables for each case and tests whether the average differs from zero. In order for the lot means to be considered equal in general, ninety percent of the individual lot comparisons made must be found to be equal. Ninety-percent compliance was justified through analysis of the theoretical probability of achieving that compliance.
Hypotheses
For each of the quality assurance tests under investigation, the null, or accepted hypothesis, H0, states that the mean of five samples is equal to the mean of four, or three samples. The alternative hypothesis, H1, states that the means are not equal.
and H0: 5 = 3 H1: 5  3 where 5, 4 and 3 are the means of five, four, and three sample tests per lot, respectively.
Analysis Approach
Actual QA test data were collected from the 1994 construction season. From these data, groups of three numerically adjacent lots within a project were selected for comparison of the means. Adjacent lots refer to lots that are consecutively numbered within a highway project e.g. Lots 4, 5, and 6. The assumption is that numerically adjacent lots represent physically adjacent lots or road sections constructed on consecutive days. The numerically lowest lot was evaluated using the mean of 5 samples, the second lot was evaluated using the mean of 4 samples, and the numerically highest lot was evaluated using the mean of 3 samples. Because the analysis compared the means of different lots with different sample sizes, special consideration was taken to ensure the lots were comparable. For example, suppose lots 4, 7, 15 were adjacent data in the historical records for one project i.e. data for lots 5, 6 and 8 through 14 were missing. These records were not used as a group of three lots in the analysis because the data records are missing for reasons unknown to the investigator. The jump between nonconsecutive lots may represent a break in the work, and therefore, could indicate a nonsteady state. A non-steady state of construction could affect the comparison, and was therefore avoided. To further ensure the project is in steady state, means from lots within three lots from the start or the finish of the project were not included in the analysis.
Level of Confidence, , was 0.05 for this analysis. Therefore, the results may be viewed with a 1-, or 95% confidence. In all cases, the data has been confirmed as approximately normal through standard tests from normality. Further, where comparisons were made between lots using ANOVA analysis, it was confirmed that the variances were within an acceptable range of each other.
Minimum Number of Tests Required
Two calculations to determine the minimum number of tests required to meet the statistical variance allowed by the specification were performed. Equation 1 is commonly used to evaluate the number of tests required to ensure, with a certain confidence or probability, that the variance of the mean is equal to or less than the variance allowed in the specifications before adjustments to the payment schedule are made.
where: z is the standardized normal distribution value for the required confidence  is the standard deviation of the population w is the width of the confidence interval covering both positive and negative deviation from the mean allowed in the specifications n is the minimum number of samples required given the above constraints
To address concerns about confidence in the means from smaller sample sizes, a more conservative approach is used. Shown in Equation 2,  = ', where ' is a confidence interval of the standard deviation that accounts for variance between lots being evaluated. This is attractive because the population standard deviation has been estimated from sample sizes of 5 for each lot, and by using the mean standard deviation only, the probability that the standard deviation of the population is less than or equal to the standard deviation of the sample will be P(S) = 50%. A higher level of confidence may be desired. Therefore, ' is: 
The value of c [Cowden, 1957] may be determined using the Gamma function, with (j) as (j)= 1/2 for j=1/2 and for (j)=(j-1)! when j is an integer. Because n is required to evaluate c, which is then used to evaluate n, an initial value of n is required. For the calculations in this section, the value of n=3, and c=1.382 were used. The value of z/2 is the standardized normal distribution value for the level of confidence  desired and will be varied to show the effect of different confidence levels in the value of the standard deviation on the number of samples required. The mean standard deviation, , and the resulting number of required tests, n, will be used as input.
Analysis of the Means
Analysis of the means provided indication of whether the three-, four-, and fivesample means are equal. For practical reasons, the effect on the payment adjustments to the contractor was evaluated through the difference between the means of the sample sizes. This may be looked upon as the error. If the mean error is approximately zero, then there is no tendency to consistently over or under estimate the sample mean compared to the current practice of five samples per lot. Where the error is zero, the total effect on the payment adjustments is also zero.
One-way ANOVA tests and independent T-tests were performed to compare the means and variances of the three sample sizes. The tests were performed on groups of three numerically adjacent lots as outlined in the previous discussion. Within each group, there were three lots, say A, B, and C, with a total of twelve data records, five from lot A, four from lot B and three from lot C, where lots A, B, and C are numerically adjacent lots within one project.
Analysis of variance, or ANOVA, is useful in all fields of research when data are measured quantitatively. It can be used to test the null hypothesis that several group means are equal by comparing the sample variance estimated from the group means to that estimated within the groups. It is assumed that the data are a random sample from a normal population. The ANOVA analysis was based on simultaneous comparisons of the three sample size means. If the null hypothesis was not rejected, (there was insufficient evidence to conclude the three means are not equivalent), then no further analysis was required. However, if the analysis showed that the means were not equal, two-sample student's t-test was used to compare the means on a pair-wise fashion to determine which means were not equal.
After the analysis, the number of successful comparisons was determined. Successful comparisons are those that indicate that there is insufficient evidence to reject the null hypothesis, and therefore hypothesis that 5 = 4, or 5 = 3 may be accepted. A target of 90% was set for the number of successful comparisons relative to the total number of comparisons made in order for the means of the different sample sizes to be considered equal. The value of 90% was evaluated as follows [Cowden 1957 ]:
where X5 is the mean of five samples, X4 is the mean of four samples,  is the standard deviation of the samples, z is the normalized statistic for normal distributions,  is the level of confidence, and P[ ] is the probability that the difference of the means would be equal to or less than z. Therefore, with a probability of 95% (=0.05), and consequently z=1.96, the difference between the means should be less than or equal to: 1.240  as demonstrated in equation 4.
If the number of groups tested is n, and 90% of the tests must be successful in order for the means to be considered equal, then the number of successful ANOVA analysis required, k, is 0.9 n. The likelihood of m or more successful comparisons occurring is:
)! evaluates number of combinations of n items, taken k at a time.
For example, if 30 lots are tested (n=30), then the number of successful analysis is k=0.9*30=27. Using the average standard deviation over all of the aggregate gradation lots and sieve sizes of 0.994, the theoretical difference between the means is 1.233 using Equation 4. The probability of observing 27 of 30 successful tests, then, is 93.9% as evaluated using Equation 5. The resulting parameters for each of the quality assurance tests are shown in Table 1 . Column 5 shows the allowable difference of the means. The allowable difference is w/2, where w is the width of the allowable range of the mean test results above and below the value in the specifications before a penalty is applied to the contractor. One may expect the theoretical and the allowable differences to be reasonably similar, and in all cases, the allowable is within 20% of the theoretical. Using a minimum limit of 90%, then appears to fit well with the theoretical probability. 
Analysis Results for Asphalt Content Minimum Number of Tests Required
The following values were used as input to the equation n
z=1.96 for 95% confidence  =0.225 is the average standard deviation of the samples included in the analysis w=0.6 was determined using the allowable variance of 0.3% from the specified asphalt content in each direction before penalties are applied to the payment schedule to the contractor The number of samples required to meet the specified variance evaluated using the empirical formula is 2.2, or if rounded up to the nearest integer, 3 samples. Equation 2 is used below to determine the number of samples required using a more conservative value of the standard deviation.
The confidence levels of the standard deviation are shown in column 1 of Table 2, along with the resulting minimum number of samples required per lot based on the standard deviation. The value of n in Equation 1 is highly dependent on S, the estimate of the population standard deviation, . Note that Equation 1 was based on a 50% probability that the population standard deviation exceeded the value of the sample set standard deviation, and resulted in a minimum number of samples per lot of just over 2. As the number of samples per lot is reduced, then, the sample standard deviation becomes less certain or more variable. If a greater certainty is required in the value of the sample standard deviation or variance, then more samples are required. Note that as the number of samples per lot increases, the corresponding increase in the confidence in the value in the standard deviation decreases. For example, an 11% increase in the confidence in the standard deviation is gained by increasing the number of samples from 3 to 4. However, the increase in confidence is only 8% when the sample size is further increased to five. Conversely, decreasing the sample size has a greater effect on the confidence with each reduction. The current practice of using five samples implies an 80% confidence in that value. If AT&U and the contractors are comfortable using a lower confidence, then reducing the number of samples may be warranted.
Analysis of the Means
Of the eighty-three comparisons made between the five-, four-, and three-sample groups, seventy-six, or 92% of the cases indicated that the means are statistically equal. This result exceeds the target of 90% set at the start of the study.
Although the means are statistically equal, they are not identical. Therefore, as shown in Table 3 , the means were compared to determine the extent of any differences that existed. The mean of each five-sample test was subtracted from the corresponding four-and three-sample means. The mean and standard deviation of the differences, plus the maximum absolute difference are provided. The mean difference between the sample sets is approximately zero, indicating that the mean of four or three samples was neither consistently higher nor lower than the standard five samples. For the contractor, this result implies that, on average, they will be neither penalized nor profited by a reduction in the number of samples used. The maximum difference is also small relative to the values of asphalt content, which ranged from 4.5% to 6%. The maximum values were also smaller than w/2, the variance from the specified asphalt content allowed before penalties were assigned to the contractor.
Summary for Analysis of Asphalt Content
Reduction of the number of samples will decrease confidence in the mean value, increasing risk to the contractor and to the owner. The result of this analysis provides support that the number of samples can be reduced to four or three per lot without significantly affecting price adjustments to the contractor. The mean difference between the sample size means is approximately equal to zero, indicating the average price adjustment to the contractor will not be significantly affected. The effect of reducing the number of samples will, however, reduce the cost of quality assurance testing by AT&U.
Analysis Results for Percent Compaction Minimum Number of Tests Required
The following values were used as input to the equation n z w
.96 for 95% confidence in the evaluation =1.207 is the average standard deviation of the samples w=3.5 was determined from Specification 3.50, where the lift is greater than 35mm. At 96.5% compaction, the penalty to the contractor is -$0.50 per tonne, the balance to the maximum bonus of +$0.50 for compaction greater than 98.0%. The difference between 100% and 96.5% was then used as the allowable width. The number of samples, n in Column 4, required to meet the specified variance evaluated using the empirical formula is 1.8, or if rounded up to the nearest integer, 2 samples. This is shown in Column 1 of Table 4 as P(S)=50%, along with the more conservative calculations utilizing Equation 2. Note that the current practice of using five samples relates to an 85% confidence that the population standard deviation is equal to or less than the one used in the calculation, '=1.991. Similar to the results for asphalt content, as the number of samples per lot increases, the rate of increase in confidence in the value of the standard deviation decreases. For example, the increase in confidence is 11% when the sample size is increased from 3 to 4. However, the increase in confidence is only 7% when the sample size is further increased from 4 to 5 samples.
Analysis of the Means
Eighty-seven percent, or 34, of the thirty-eight comparisons made between the five-and four-sample test indicated that the means were equal. Ninety-seven percent of the thirty-eight comparisons between five-and three-sample tests indicated the means were equal. With the targeted minimum of 90%, the evaluation has shown that four sample tests do not have the same mean as the five sample tests. However, the three sample tests do have the same mean as five sample tests. This obviously does not make sense.
The number of successful tests required to meet the target minimum is 90%*38, or 34.2 tests; however, only 34 tests were successful. Considering the failure of the test is balanced on a fraction of a test and the fact that the three-sample comparisons overwhelmingly passed, the failure may be a result of random error. As there was no other apparent explanation for this anomaly in the data nor in the method, the test was determined inconclusive.
The mean and standard deviation of the difference of the means of the four and three sample tests for percent compaction, compared to the standard five sample tests, are presented in Table 5 . The maximum absolute difference is the largest value that was observed above or below the mean. The mean error in both cases is approximately zero, indicating that the difference was neither consistently high nor low. 
Summary for Analysis of Percent Compaction
The analysis of the four-sample mean was inconclusive. Reluctance to accept the failure is based upon very strong results (97% successes) from the three-sample analysis. A reduction of samples to four per lot will decrease confidence in the standard deviation by 7%, with a further loss of confidence of 11% to 67% confidence if the number of samples per lot is decreased to three. However, the mean difference between the lot means of five samples and three-and four-samples was approximately zero, indicating that the effect of reducing the number of samples to the contractor price adjustment will be negligible.
Analysis Results for Aggregate Gradation Minimum Number of Tests Required
The following values were used as input to the above equation n z w
.96 for 95% confidence =0.994 is the average standard deviation of the samples over all sieve sizes w=2.0 was determined from Table 3 .50F of AT&U Specification 3.50 Asphalt Concrete Pavement -EPS, which states that penalties begin with each 1% deviation from the specified gradation
The number of samples required to meet the specified variance is 3.8, or if rounded up to the nearest integer, 4 samples. The results of Equation 2 including the result of Equation 1 at P(S)=50% are shown in Column 1 of Table 6 . The current practice of using five samples relates to a probability of 59% that the population standard deviation is equal to or less than the standard deviation used in the calculation. This analysis differs from the previous two in that the standard deviation is rather large, likely caused by the percent passing values documented as the nearest whole percent. However, as seen in the next section, this does not appear to have any effect on the analysis of the means. 
Analysis of the Means
Gradation results were divided into two designations of aggregate topsize: 10 mm and 16 mm. For each, thirty lots were randomly selected from the data provided. Seven sieve sizes were analyzed for the 10mm designation, nine for the 16mm, totaling over two hundred tests for each comparison of sample size. At least ninety-nine percent of the tests for 16mm and 10mm designation for both four and three-sample size analysis, over all of the sieve sizes, indicated that the means of the three-and four-sample tests, compared to the five-sample tests, are equal. As this is significantly higher than the minimum percent of successes (90%) previously set, the means of each of the sample sizes may be accepted as equal.
The mean and standard deviation of the difference of the means of the four and three sample tests, compared to the standard five sample tests, over all of the sieve sizes, are provided in Table 7 . The maximum absolute difference is the largest difference that was observed above or below the mean. The mean differences are approximately zero, indicating that the difference was neither consistently high nor low. Further, the maximum difference is reasonably low. 
Summary for Analysis of Aggregate Gradation
The analysis of aggregate gradation is unique in that the gradation is documented to the nearest 1%, and a deviation of the lot mean by 1% from the specification warrants a penalty to the contractor. This affected the calculation of the minimum number of samples, which is strongly dependent upon the width of the specified sample mean, w, and the standard deviation of the samples. Results showed that to achieve 85% confidence that the population standard deviation is equal to or lower than that of the sample, 10 samples per lot would have to be used. However, the analysis of the various sample means indicated overwhelmingly that the means of three-, four-, and five-sample lots are equal. Confidence in the standard deviation does not appear to affect the price adjustment to the contractor.
Conclusion
There were two objectives in this analysis. The first was to determine the effect on the confidence in the test results of changing the number of samples tested per lot. This was measured by comparing the lot means using different sample sizes. Table 8 contains a summary of the comparative test results. The analysis has shown that three or four samples may be used per lot to determine the mean of either asphalt content, compaction or aggregate gradation. It was found that the means are statistically the same as the mean derived from the current practice of five samples per lot. A high level of confidence was used to evaluate the standard deviation of the means to address concerns related to contractor confidence in the variability of the means.
The second objective was to determine the effect a change to the sampling procedure might have on the payment adjustments to the contractors. The mean difference between the means of four-or three-sample tests and the traditional fivesamples was approximately zero in all cases, indicating there was no tendency to overor underestimate the mean with varying sample size. This further implies the overall effect of changing sample sizes on the risk to the contractor of increased penalties and the risk to AT&U of increased bonuses on the contractor through price adjustments is negligible.
These two conclusions have met the technical aspects of the objectives, however, practical challenges to changing the sample size should be recognized. These challenges differ from the statistical confidence in that statistical confidence is a numeric value that does not take into consideration the human concept of risk. Although there is proof that the change to smaller sample sizes would not affect the lot mean nor the payments to the contractor, confidence of both AT&U and the contractors in the new system must be gained. Therefore, as an interim means to implement changes in the standard testing protocols, it is recommended that five samples continue to be taken, but testing is conducted on only four of them to determine the lot mean values. The fifth sample could be used where disputes arise between the contractor and the owner. After time, if confidence is gained by both parties in using a reduced number of samples, the standard number of samples taken could be reduced to four. 
